I. Introduction
===============

Exercise-induced fatigue is a reduction in maximal voluntary muscle force that results from intense physical activity. It is traditionally divided into two distinct components: i) central fatigue, involving insufficient neural drive to the muscle, and ii) peripheral fatigue, including changes at the neuromuscular junctions (NMJs) \[[@B7], [@B8], [@B13]\]. The NMJs is the synapse between the presynaptic motor neurone and the postsynaptic muscle membrane. At mammalian NMJs, neurotransmission relies on the activity of key proteins such as acetylcholine (ACh), choline acetyltransferase (ChAT), acetylcholinesterase (AChE) and acetylcholine receptor (AChR). At the presynaptic neuron end, an electrical impulse triggers the release of ACh, which accumulates in vesicles into the synaptic cleft via exocytosis. ACh then binds to an ACh receptor (AChR) on the postsynaptic neuron surface, and the ACh-AChR binding induces subsequent impulses to the postsynaptic neuron. Finally, ACh, which is released again by the receptor into the synaptic cleft, is rapidly degraded by AChE \[[@B15], [@B22]\].

In previous studies of exercise-induced fatigue, attention has been on pre-synaptic (ACh, ChAT) and post-synaptic (AChR) molecules. Less research has been directed toward investigating NMJs AChE and its potential role in fatigue. Previous studies show that the functional failure of motor muscles might be due to an accumulation of acetylcholine (ACh) in the synaptic cleft during high-frequency synaptic activity that eventually results in a failure to generate muscle action potentials \[[@B18]\]. In the present study, we investigate the expression and activity of AChE in the skeletal muscle of exercise-fatigued rats using immunohistochemistry, histochemistry, enzyme linked immunoabsorbent assay and chemistry colorimetric method. We hypothesized that AChE expression and activity have roles in producing or maintaining exercise-induced fatigue.

II. Material and Methods
========================

Animals
-------

All animals received care compliant with the "Guide for the Care and Use of Laboratory Animals," published by the National Institutes of Health (NIH publication 85-23, revised 1986). Briefly, 60 healthy adult male Sprague-Dawley rats (8 weeks old), weighing 200--250 g, were singly housed on a 12:12 hr light-dark cycle in a low-stress environment (22°C, 50% humidity, and low-noise) and received tap water and standard rat chow *ad libitum*. All the experiments were performed at the end of the active dark cycle.

Exercise protocol
-----------------

Animals were randomly divided into one of six groups. Each group was composed of 10 animals (the right gastrocnemius of 5 animals for immunohistochemistry, the right gastrocnemius of 5 animals for histochemistry, and the left gastrocnemius of all 10 animals for enzyme linked immunoabsorbent assay and chemistry colorimetric method). One group was a control group (non-exercised) (n=10) and the remaining five groups were exercised to fatigue with the following recovery times: 0 hr (no recovery) (n=10), 3 hr (n=10), 6 hr (n=10), 12 hr (n=10), and 24 hr (n=10). Exercise training was done on motorized rodent treadmills (SLY-RTML six-lane treadmill for rat, Beijing). Exercised rats ran to exhaustion at 28 meters/min. Rats were gently hand-prodded occasionally to maintain running status. Fatigue was defined as the point when the rats failed to maintain pace with the treadmill despite 2 min of gentle prodding with the hand \[[@B24]\]. After reaching fatigue, 0 hour group rats were sacrificed immediately, and runners from 3 hr, 6 hr, 12 hr, and 24 hr recovery groups were returned to their cages where they were given food and water *ad libitum* for their specified recovery times. Control group rats remained in their cages in the treadmill room. All rats were acclimated to treadmill running a minimum of two times per day at 10 meters/min for 10 min for 3 days before the actual fatigue experiment.

AChE expression and activity
----------------------------

For histochemistry, animals were anesthetized with 2% pentobarbital (40 mg/kg) and perfused transcardially with 0.9% sodium chloride, followed by 4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). After perfusion, the gastrocnemius was dissected out and post-fixed in 4% paraformaldehyde for 2 hr at room temperature, then dehydrated by gradual immersion in 15% sucrose phosphate buffer for 4 hr at 4°C and 30% sucrose phosphate buffer overnight at 4°C \[[@B2]\]. Longitudinal 35 µm-thick sections were cut on a cryostat. The sections were collected on gelatin-coated glass slides and dried overnight at room temperature. After washing two times with acetic acid buffer (0.1 M), the sections were incubated for 1 hr at 37°C for the demonstration of AChE in motor endplates as described by Karnovsky and Roots \[[@B11]\] with modifications by Gruber and Zenker \[[@B9]\] in a solution containing acetylthiocholine iodide (5 mg), acetic acid buffer (6.5 ml, 0.1 mol/L, pH 5.5), sodium citrate (0.5 ml, 0.1 mol/L), cupric sulfate (1 ml, 30 mmol/L), distilled water (1 ml), and kalium ferricyanatum (1 ml, 5 mmol/L). The sections were then rinsed with distilled water and coverslipped with glycogelatin.

For AChE expression immunohistochemistry and the demonstration of AChE in motor endplates as described in the literature \[[@B6], [@B12]\], animals were prepared as aforementioned without sucrose immersion, then the gastrocnemius rinsed three times in phosphate buffered saline (PBS). Longitudinal sections 250 µm-thick were cut on a cryostat. The sections were washed three additional times with PBS, then soaked for 20 min in 0.3% H~2~O~2~ and methanol in PBS to inactivate endogenous peroxidase activity. After the elimination of non-specific antibody binding in 5% bovine serum in PBS, the sections were incubated with a goat anti-AChE polyclonal antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at a dilution of 1:200 at 4°C overnight, then with a biotinylated anti-goat IgG at a dilution of 1:200 (Vector Laboratories Inc., Burlingame, CA) for 2 hr at 37°C. After incubation with avidin-biotin complex (ABC, Vector Laboratories Inc., Burlingame, CA) for 2 hr at 37°C, the sections were visualized following incubation in a PBS solution containing 0.05% DAB and 0.03% H~2~O~2~ for 10 min at room temperature. Finally, the sections were dehydrated, cleared, and coverslipped. In order to exclude false positive results, control sections were processed in exactly the same way replacing the primary antibody with normal goat serum.

For quantification of AChE expression and activity in muscle, animals were anesthetized with 2% pentobarbital (40 mg/kg). Small strips of the innervated region (5×5 mm) of the gastrocnemius were cut, then homogenized and centrifuged (3000×g at 4°C for 10 min). The supernatants were stored at −20°C for further analyses. Then, the animals were perfused transcardially with 0.9% sodium chloride, followed by 4% paraformaldehyde in phosphate buffer for AChE histochemistry and immunohistochemistry. AChE concentration were analyzed according to the enzyme linked immunoabsorbent assay provided with the commercial kit (E1447r, Wuhan Uscn Sciences Co. Ltd., China). AChE activity were analyzed according to the standard spectrophotometric procedures provided with the commercial kit (A024, Nanjing Jiancheng Institute of Biotechnology, China) using a Shanghai 722 (Shanghai, China) spectrophotometer.

Data analysis
-------------

Five animals and four sections from each experimental animal were used for data collection in both the histochemical and immunohistochemical experiments. Each section was photographed in eight visual fields under a Motic 5000 microscope, hence the sample number was 5 animals × 4 sections × 8 fields. Pictures were analyzed with Motic Images Advanced 3.2 system. In this system, the average gray value from black to white ranged from 0 to 255. In the present study, we calculated the parameter "gray value" as the difference between average gray value of the background and that of the positive products, such that a higher gray value indicates a lower positive product, or AChE. The parameter "area of positive products" is the area of stained structures relative to the area of background (we chose the whole-tissue area as the background reference area) in histochemistry and immunohistochemistry.

For the statistical analysis of the quantitative experiments, 10 samples of each group were used. AChE concentrations were calculated and standardized based on protein concentrations of the gastrocnemius samples. The values for the AChE concentrations were calculated according to the formula generated from the trend line of the standard curve. The value was then multiplied by the dilution factor to generate the final value for AChE concentration. The values for AChE activity were calculated according the formula given in the operating instructions.

All data were analyzed using commercial software (SigmaStat, SPSS, Chicago, IL), and expressed as the means±SD. One way-ANOVA was used for statistical analysis, Post-hoc comparisons were performed for each recovery time group vs. control group and p-values \<0.05 being considered significant.

III. Results
============

AChE expression
---------------

We used AChE immunohistochemistry and enzyme linked immunoabsorbent assay to investigate expression changes at NMJs of the gastrocnemius at different recovery times after exercise-induced fatigue. As shown in Figure [1](#F1){ref-type="fig"}, AChE staining was brownish-red in color, and AChE immunopositive products with dot-like structures were detected at motor endplate regions in the gastrocnemius (Fig. [1](#F1){ref-type="fig"}A--F). After exercise-induced fatigue, AChE expression decreased, as indicated by increased gray value (Fig. [1](#F1){ref-type="fig"}G), then gradually increased (Fig. [1](#F1){ref-type="fig"}G). At the recovery times of 12 hr and 24 hr, the expression of AChE returned to control levels (Fig. [1](#F1){ref-type="fig"}G). The "area of positive products," relative to background area, as well as the AChE concentration (pg/mg), decreased at fatigue (recovery 0 hr) (Fig. [1](#F1){ref-type="fig"}H, Fig. [3](#F3){ref-type="fig"}), then gradually increased during recovery (Fig. [1](#F1){ref-type="fig"}H, Fig. [3](#F3){ref-type="fig"}). In the 24 hr group, the "area of positive products" and the concentration of AChE returned to control level (Fig. [1](#F1){ref-type="fig"}H, Fig. [3](#F3){ref-type="fig"}).

AChE activity
-------------

To detect AChE activity, we employed AChE histochemical staining and chemistry colorimetric method. As shown in Figure [2](#F2){ref-type="fig"}, AChE activity was detected at motor endplate regions in gastrocnemius. The area of active AChE is elliptical or orbicular-ovate, reflective of the motor end-plate. After exercise-induced fatigue, the positive staining of AChE was faded (Fig. [2](#F2){ref-type="fig"}B), then gradually became dark again with recovery (Fig. [2](#F2){ref-type="fig"}C--F), suggestive of greater activity. This finding was supported by gray value and area analyses. The "gray value" of AChE increased at time 0 hr after fatigue, indicating low AChE activity. Gray value then gradually decreased, indicating higher AChE activity. In the 24 hr recovery group, the gray value of AChE was still significantly higher than control group, indicating a lower activity of AChE at 24 hr than in control (p\<0.05, Fig. [2](#F2){ref-type="fig"}G). The area of positive products and the activity of AChE (U/gprot) reached their minimum in the 0 hr recovery group, then gradually increased in the other recovery groups (Fig. [2](#F2){ref-type="fig"}H, Fig. [4](#F4){ref-type="fig"}). In the 24 hr recovery group, the area of positive products of AChE returned to control level (Fig. [2](#F2){ref-type="fig"}H), but the activity of AChE was still significantly lower in the 24 hr recovery group than control group (Fig. [4](#F4){ref-type="fig"}, p\<0.05).

IV. Discussion
==============

In the present study, our data show that exercise-induced fatigue decreases AChE expression at the rats gastrocnemius NMJs. Specifically, we found that exercise-induced fatigue generates a 30% decreased in AChE concentration, a 16% decrease in AChE positive staining (reflected by 16% increased "gray value"), and a 44% decrease in the AChE "area of positive products". AChE is an important component of all cholinergic synapses in the central and peripheral nervous systems, where it rapidly hydrolyzes acetylcholine released from the nerve terminals \[[@B23]\]. Previous studies suggest that the pattern of muscle activation is important for expression of AChE \[[@B21]\]. For example, in the extensor digitorum longus of the hindlimb suspended rat, a small but significant decrease in AChE mRNA has been observed \[[@B19]\]. Increased activation of the extensor digiorum longus muscle tends to suppress AChE mRNA \[[@B21]\]. We similarly show a decrease in AChE expression in gastrocnemius following exercise-induced fatigue.

It is well established that AChE activity is also influenced by the pattern of nerve impulses \[[@B14], [@B21]\], muscle electromechanical activity \[[@B20]\], and neurogenic substances conveyed by axonal transport \[[@B5]\]. The literature reveals that changes in neuromuscular activity lead to changes in muscle acetylcholinesterase activity \[[@B3], [@B10]\]. In the present study, we found exercise-induced fatigue induced a roughly 33% depression in AChE activity (Fig. [2](#F2){ref-type="fig"}G, [2](#F2){ref-type="fig"}H, Fig. [4](#F4){ref-type="fig"}) in the gastrocnemius.

The current findings of exercise-induced reductions in AChE activity following fatigue are important when we consider the effects of AChE deficiency. Several studies have shown AChE absence in AChE^−/−^ mice results in mild phenotypic abnormality (with mild movement and behavior, and reduced muscle weight, crosssectional area of muscle fibres and absolute maximal isometric force) \[[@B4], [@B25], [@B26]\]. Characteristics such as muscle weakness have also been reported in humans deficient in endplate AChE \[[@B17]\]. It has been well documented that a deficiency of AChE results in a change in hind limb muscle function and decreased ability of the hindlimb to resist fatigue \[[@B1]\]. Submaximal force potentiation, tetanic fade, and a very low fatigue resistance were also observed in 4- and 9-month-old AChE KO mice. Further, muscle weight, cross-sectional area of muscle, fibres and absolute maximal isometric force were also reduced in KO mice compared with WT mice \[[@B16]\].

Although the aforementioned investigations provide important evidence that the pattern of nerve impulses, muscle electromechanical activity, and neurogenic substances all influence AChE activity, and that the change in AChE is tied to changes in hind limb muscle function, the relationship between exercise-induced fatigue and NMJs AChE are not well known. Based on these previous studies and our current results, we believe that exercise-induced fatigue may induce continuous ACh release from the nerve terminals during strenuous physical exercise. The decrease of the AChE expression and activity observed would lead to an incomplete hydrolysis of the ACh, and an accumulation of synaptic cleft ACh, slowing cholinergic reuptake. At the same time, repetitive nerve stimulation during exercise could induce a desensitization of the AChR.

In conclusion, we have shown that after exercise-induced fatigue, the expression and activity of AChE is deceased at the rat gastrocnemius NMJs. Our results indicate that the recovery of AChE expression and activity are related to time and that expression recovers within 24 hr, while activity is not quite fully restored at this time point. This study provides a starting point for further investigation of the mechanisms of AChE down-regulation due to exercise-induced fatigue.
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![AChE immunohistochemistry of gastrocnemius at different recovery times after exercise-induced fatigue. Bar=50 µm. **A:** Control group. **B--F:** Groups with recovery times 0, 3, 6, 12 and 24 hr after exercise-induced fatigue. **G:** Analysis of the gray value of AChE positive products in the control group and recovery groups. **H:** Analysis of the area of AChE positive products, relative to background area. The expression of AChE was decreased at 0 hr after exercise-induced fatigue (**B, G, H**), then gradually increased (**C--E, G, H**), and to control group levels in the 24 hr recovery group (**F, G, H**). \* p\<0.05 vs control group.](AHC09019f01){#F1}

![AChE histochemistry of gastrocnemius at different recovery times after exercise-induced fatigue. Bar=50 µm. **A:** Control group. **B--F:** Groups with recovery times 0, 3, 6, 12 and 24 hr. **G:** Analysis of the gray value of AChE positive products in control and recovery groups. **H:** Analysis of the area of AChE positive products. The activity of AChE was decreased at 0 hour after exercise-induced fatigue (**B, G, H**), then gradually recovered (Fig. [2](#F2){ref-type="fig"}C--E, G, H). At 24 hr post-fatigue, the AChE activity was still significantly less than that of the control.](AHC09019f02){#F2}

![Histograms show AChE concentration at different recovery times after exercise-induced fatigue with enzyme linked immunoabsorbent assay. AChE concentration was decreased at 0 hr after exercise-induced fatigue, then gradually increased, and to control group levels in the 24 hr recovery group.](AHC09019f03){#F3}

![Histograms show AChE activity at different recovery times after exercise-induced fatigue with chemistry colorimetric method. The activity of AChE was decreased at 0 hr after exercise-induced fatigue, then gradually recovered. At 24 hr post-fatigue, the activity of AChE was still significantly less than control.](AHC09019f04){#F4}
